Correspondence: Janice Limson (J. Limson@ru.ac.za) Resonant and acoustic wave devices have been researched for several decades for application in the gravimetric sensing of a variety of biological and chemical analytes. These devices operate by coupling the measurand (e.g. analyte adsorption) as a modulation in the physical properties of the acoustic wave (e.g. resonant frequency, acoustic velocity, dissipation) that can then be correlated with the amount of adsorbed analyte. These devices can also be miniaturized with advantages in terms of cost, size and scalability, as well as potential additional features including integration with microfluidics and electronics, scaled sensitivities associated with smaller dimensions and higher operational frequencies, the ability to multiplex detection across arrays of hundreds of devices embedded in a single chip, increased throughput and the ability to interrogate a wider range of modes including within the same device. Additionally, device fabrication is often compatible with semiconductor volume batch manufacturing techniques enabling cost scalability and a high degree of precision and reproducibility in the manufacturing process. Integration with microfluidics handling also enables suitable sample pre-processing/separation/purification/amplification steps that could improve selectivity and the overall signal-to-noise ratio. Three device types are reviewed here: (i) bulk acoustic wave sensors, (ii) surface acoustic wave sensors, and (iii) micro/nanoelectromechanical system (MEMS/NEMS) sensors.
Introduction
Acoustic wave sensors operate by monitoring the change in the physical properties of an acoustic wave in response to the measurand. Piezoelectric materials (crystalline solids lacking a centre of inversion symmetry and representing strong coupling between mechanical strain and electrical polarization) are commonly employed in acoustic sensors to generate acoustic waves in solid materials using appropriately tailored electric fields and to detect the acoustic waves by the charge generated due to the induced mechanical deformation. Quartz is commonly used as it is abundant, amenable to low-cost volume manufacturing and is associated with excellent mechanical properties and good chemical stability. Depending on the cut of the quartz crystal, different properties can be realized. There are two traditional 'cuts' for the quartz crystal used in acoustic sensors: the AT cut and the ST cut. These differences cause different piezoelectric deformations, which allow acoustic waves to efficiently propagate in different directions: either along the surface of the sensor, or away from the sensor surface towards the bulk substrate ( Figure 1 ). This distinction is quite important and is the basis of the classification of acoustic sensors into either surface acoustic wave (SAW) or bulk acoustic wave (BAW) sensors.
Capable of detecting multiple physical parameters (mass, pressure, temperature, etc.), acoustic wave devices are inherently sensitive. Here, we discuss the operating principles of BAW, SAW and microelectromechanical systems (MEMS)/nanoelectromechanical system (NEMS) sensors and share examples of how they are being used to develop solutions for biosensing. 
Bulk acoustic wave sensors QCM technologies
The well-established quartz crystal microbalance (QCM) is a BAW sensor comprising an AT-cut quartz crystal sandwiched between two circular electrodes, such as gold. The piezoelectric nature of the quartz means that the application of an alternating current (AC) voltage between the electrodes causes the crystal to deform in an oscillatory manner, preferentially operated in the fundamental thickness shear mode resonance or associated resonance overtones -optimal amplitudes of displacement of the motion being reached at certain acoustic frequencies (resonant frequencies), which can be reached by altering the voltage input frequencies. This resonant frequency of oscillation of the crystal is sensitive to added mass at the crystal surface as described by Sauerbrey [1] , allowing for quantitative measurements of changes at the crystal surface:
Where: Δf is the change in resonance frequency due to the change in sensor mass (typically a few hertz to a few hundred hertz) f r0 is the resonant frequency of the crystal, A is the active surface area, p q is the density of the quartz, and G q is the shear modulus of the quartz [1] (represented in its current form by Vogt et al. [2] ).
Since the resonating frequencies (f r0 ) are very large ( 1 × 10 6 Hz), and the change in the mass of the quartz crystal ( m q in eqn. 1) scales with the square of this, small changes in the mass of a quartz crystal result in significant changes in the resonance frequency.
Sauerbrey's early investigations centred on the resonating properties of very thin and rigid films attached to sensors operating in vacuums [1] , and the equations uniting changes in sensor mass to changes in resonance frequencies translated very well to sensors operating in air. Further refinements, by Kanazawa and Gordon [3] , described the frequency shift caused by the operation of quartz sensors with the sensing surface exposed to liquid, which opened the way for biosensing to take place on this platform. However, biomolecules are viscoelastic: parts of them tend to resist distortion when a force is applied to them (viscosity) and parts of them tend to deform when a force is applied to them (elasticity) [4, 5] . When attaching a film of such molecules to the sensor surface, for example when constructing a biosensor, the motion of the outer areas of the film will not couple to the quartz crystal's oscillating motion and some of the oscillation energy is lost as the molecules themselves dissipate the energy as kinetic motion [5] . This 'looseness' of the film results in further dampening of the frequency of oscillation rather than that resulting only from the bound mass, overestimating the bound mass determinable by the Sauerbrey equation [2, 6] .
QCM-D
Accounting for the viscoelasticity common to biological molecules was important for the development of accurate biosensing utilizing QCM principles. The introduction of the measurement of an additional factor during the oscillation of the crystal, dissipation [3, 4, 6, 7] , paved the way for QCM with a dissipation measurement: QCM-D.
The introduction of QCM-D has enabled monitoring of the damping, or dissipation, factor which gives information on the structure of the film adhered to the sensor. The dissipation factor of a quartz oscillator is easily measured by shutting off the electrical power to an oscillating crystal and recording the rate at which oscillation decays. Similarly, dissipative information can also be obtained passively using vector network analysers to monitor the frequencydependent impedance of the crystal and deriving the dissipation from the position and width (bandwidth) of the resonant frequency peaks [8] .
Quantification of dissipative losses can now be measured together with changes in resonant frequencies at a variety of overtones. Combined, this information can then be used to accurately model viscoelastic representations of the film and correctly estimate the viscoelastic mass of the film [2, 8, 9] .
The viscoelastic mass-frequency relationship has allowed the development of quantitative and qualitative biosensors. Figure 2 describes a typical scenario. The resonant frequency of a freely oscillating crystal decreases when mass in the form of an antibody (biorecognition agent) is bound to the gold electrodes in Phase 1. In Phase 2, when a solution containing the analyte molecule of interest is flowed over the electrode, a change in frequency indicates that the target analyte has bound to the antibody (and has hence been detected in the solution). The change in frequency could be used to determine the amount of mass bound to the surface of the gold electrodes.
The nature of the QCM-D technique, however, extends its scope beyond traditional biosensor approaches as explored below.
Biosensors and biomolecular interactions
Functioning as a traditional or direct quantitative biosensor, QCM and QCM-D have been successfully used to develop sensitive and specific biosensors for a wide range of targets, e.g. cholera [12] via biorecognition with antibodies, and also via aptamers as biorecognition agents, e.g. influenza [13] and ATP [14], following the approach described in Figure 2 .
QCM-D in particular holds promise as a biosensor for sensing interactions between different biological moieties [15] . At the heart of unravelling biochemical pathways is the interaction between biological molecules. Several techniques exist to monitor protein-protein interactions, or the interactions between proteins and different drugs, for example. QCM-D serves to ascertain whether such interactions do occur; moreover, the method provides information on whether the materials added to the electrodes are rigid or viscoelastic, as well as information on any structural changes that may occur during the interaction. Several examples are available in the literature exploring this application of QCM-D, from monitoring of a mussel adhesion protein to different surface functional groups [16] , the biochemistry of heat-shock proteins via relevant protein-protein interactions [17] and recently its application in understanding interactions of the enzymes of the thymidylate synthesis cycle [18] .
Developing biosensors
Successfully assembling a biosensor is largely reliant on the manner in which the biorecognition agent is immobilized on to the transducer surface. Maintenance of the conformation of the biorecognition agent may be used as an indicator of an immobilization system that successfully maintains the enzyme in as native a state as possible. This can be estimated from the height, state of hydration and viscoelastic properties of the immobilized biomolecule [6, 19] . This application of QCM [20] and QCM-D, tracking the formation and the changing structure of functional thin films was initially founded upon fundamental studies [3, 4, 6] , but was rapidly adopted to examine and optimize the various factors that influence immobilizing biorecognition agents and remains one of the most commonly reported functions of this technology. Here, the fundamental nature of the QCM signal provides a distinct advantage: the ability of the QCM-D to provide information as to the mass and rigidity of attached films gives valuable biochemical and engineering information when making decisions regarding immobilization, while its gravimetric nature makes this technique label-less and generalizable to nearly all biomolecules that can be attached to solid surfaces. In Phase 1, frequency decreases due to loading of the antibody on to the surface, while increased dissipation is recorded, due to the viscoelastic nature of the antibody. After a period, loosely bound antibody is removed, resulting in a slight increase in frequency as mass is lost or as coupled water is lost. In the second phase, the target analyte is introduced, resulting in a frequency decrease and dissipation increase as it binds to the antibody immobilized during Phase 1. PDB accession codes in (A): 1IGT [10] for the antibody and 3HFM [11] for the analyte.
In the above manner, QCM-D has been successfully used to select a successful immobilization strategy to attach a monolayer of laccase enzymes on to electrode surfaces to create electrochemical thin-film biosensors [21, 22] . In those studies, both the attached masses and viscoelastic properties of the sensing layers were found to be important predictors of the measurable catalytic activity of the immobilized enzymes. Similar applications of QCM-D include aiding the design of biosensor assemblies in hybrid systems combining both biological and synthetic moieties [23] , improvement in the attachment of streptavidin to the surface of sensor crystals, to allow improved and specific immobilization of biotin-tagged biomolecules [24] , and in modelling studies for the best loading of a biorecognition agent for prostate-specific antigen biosensors [25] .
Surface acoustic wave resonators
A SAW device relies on the excitation of a particular acoustic mode where the acoustic energy is confined very near the planar surface of a solid medium [26] . The utility of such a device in biosensing relies on the fact that the energy is confined near the surface and hence is highly sensitive to surface adsorption and the mode is also excited and detected by using thin-film electrodes patterned on the surface of a piezoelectric layer. A SAW device thus typically consists of interdigitated metal electrodes patterned on a piezoelectric substrate or on a piezoelectric thin film deposited on a silicon-based substrate to excite the acoustic wave and detect the resulting response as shown in Figure 1 . Surface waves are generated most efficiently when the SAW wavelength equals the spacing between the transducer fingers. These devices have the advantages of high resonant frequencies extending well up to several gigahertz, enabling high mass sensitivity. The device can be operated in either a resonator configuration (with the traditional outputs of a resonant frequency and dissipation shift similar to that discussed for QCM) or a delay line configuration, where the velocity of the SAW is modulated by the surface adsorbates. In the delay line configuration, the time taken for the acoustic wave to travel between the two sets of transducers is the measured output. In a resonator configuration, SAW devices are usually designed to include acoustic reflectors to confine the acoustic energy within the resonant cavity to minimize energy loss. Liquid damping also affects the energy dissipation, although this is usually less than the case for flexural mode resonators. Furthermore, by designing SH-SAW (shear horizontal SAW) resonators, less acoustic energy is radiated into the fluid as the particle displacements are parallel to the surface rather than normal to the surface [27] . A guiding layer such as a thin film of SiO 2 is patterned between the substrate and the piezoelectric thin film in order to confine the acoustic energy to the sensing surface. Such shear horizontal waves are also known as Love waves [28, 29] . Microfluidic integration of SAW devices has also been demonstrated [30] .
SAW devices have been demonstrated in a variety of biosensing applications [31] . A variety of molecular recognition elements including proteins and nucleotides have been used [32] . Harding et al. [33] demonstrated one of the first immunosensing applications of a Love wave device in liquid, which exhibited a sensitivity of ∼1 ng/ml anti-sheep IgG in buffer [33] . SAW devices operated in a contactless mode where radio frequency (RF) energy was inductively coupled to the sensor were used for operation in liquid environments for IgG detection (against anti-IgG using Protein A to immobilize on the sensor surface) in a delay line configuration [34] . Gruhl and Länge [35] demonstrated the detection of penicillin G in milk using a binding inhibition assay by monitoring the frequency difference between the functionalized SAW resonator sensor and a reference device. Yatsuda et al. [36] demonstrated a 250 MHz delay-line SH-SAW biosensor on a quartz substrate with application to human serum albumin detection. Gruhl and Länge [37] also demonstrated the detection of cancer biomarkers (human epidermal growth factor receptor-2 (HER-2) and tissue inhibitor of metalloproteinases-1 (TIMP-1)) at sensitivities sufficient for prognosis and therapeutic response monitoring of breast cancer patients. Barie and Rapp [38] demonstrated the photo-immobilization of a dextran layer to the sensing surface and covalent immobilization of recognition molecules within the dextran matrix for immunosensing with the detection of mouse Ig antibodies. Deoxyribonucleic acid (DNA) detection was demonstrated by Sakong et al. [39] using complementary binding between a probe and a target on a gold-coated SH-SAW device fabricated on a LiTaO 3 substrate. More recently, SH-SAW devices have been used to monitor airborne allergens in a semi-continuous manner over a period of 4 days with a detection limit of 6.1 ng/ml established for a house dust mite allergen Der f 1 [40] .
Micro/nano-electromechanical systems
The use of micro-and nano-electromechanical resonators for biosensing, particularly cantilever structures, has been widely explored. Such devices are constructed using planar fabrication techniques, typically on silicon or silicon-based substrates, common in semiconductor manufacturing [41] . Following completion of device processing to enable mechanical functionality, the devices are suitably packaged to provide electrical and fluidic access. In the context of a biosensing application, the surface of the device is specifically chemically functionalized by antibodies, DNA, aptamers, etc. to provide specific functional recognition to an analyte of interest. These molecules may be attached using ink-jet printing, micro-contact printing, microfluidic interfacing or other more bespoke techniques [41] . Reference structures are usually designed to account for background/thermal effects or the effects of non-specific binding. Furthermore, as with other surface-modified transducers, the effects of non-specific binding can be reduced by suitable chemical passivation techniques [42] .
Due to their dimensional scale, micro-and nano-electromechanical resonant sensors have demonstrated mass sensitivities of attograms or less [43] . MEMS devices have been configured as affinity-based biosensors (relying on the specific chemical recognition provided by surface functionalization), fingerprint sensors where analytes are interrogated against a panel of sensors with imperfect chemical specificity and as detectors in separation-based assays where a separation technique, e.g. electrophoresis is utilized to enhance specificity prior to detection [43] . Even though MEMS devices display extraordinary sensitivity, issues such as non-specific binding currently limit the accuracy of measurement [43] .
Common limitations of MEMS sensors operating in fluidic environments include fluidic damping limiting the mass resolution and the limitations associated with electrical interfacing in fluidic environments. A number of solutions have been developed to address some of these limitations including: (i) sealed-cavity resonators where the fluidic interfacing is carried out on one side of the device while the other side of the device contains the electrodes [44] ; (ii) coupled resonators where fluidic isolation is achieved between a sensor resonator and the transducer resonator [45] as shown in Figure 3 ; (iii) fluidic channels embedded within the resonator, enabling decoupling of fluidic and electrical interconnect and interfacing to the resonators [46, 47] ; and (iv) filled-gap or dielectrically transduced resonators [48] .
Measurements may be conducted under atmospheric pressure or in vacuum by desiccating the devices and simply measuring the dried mass [41] . However, such approaches are often limited by surface contaminants that may limit the accuracy of the measured results [43] and do not provide continuous monitoring capability or real-time measurements. Devices may be measured in a fluidic ambient state that enables real-time monitoring; however, such devices have to be designed to deal with issues such as fluidic damping. Dissipation in liquid media can be addressed using embedded micro-channel resonators [49] , localized fluid contact using microfluidics or by interrogating higher-order resonant modes such a lateral bulk acoustic modes [50] that are less affected by fluidic damping.
Resonant MEMS biosensors have been used to detect Escherichia coli microcultures in humid environments [51] and the detection and characterization of virus particles using mechanical resonators [52] . Suspended microchannel resonators have been used to weigh single bacterial cells [49] and work by Braun et al. [53] showed the detection of T5 virus particles in fluid via membrane-based protein-ligand interactions under near physiological conditions [53] . Suspended microchannel resonators have been employed to detect activated leukocyte cell adhesion molecules (ALCAMs) in undiluted serum with a detection limit of 10 ng/ml demonstrated [54] . A great deal of work is currently being carried out in this area to enable real-time measurements of physiologically relevant concentrations of biological analytes in buffer and serum.
Future directions for acoustic biosensors
QCM technologies have the potential to form an important section of the biosensor market, due in part to their low operating cost, sensor compactness, real-time data responses and the very high sensitivity of this technique [55] . The gravimetric nature of the signal will ensure that this will remain a routine method of characterizing layer-layer interactions in a label-free fashion, which lends itself very well to investigation of biorecognition immobilization, particularly for the design of other biosensors. In addition, the expanded ability of these sensors to measure and model surface-immobilized nano-and micro-structures as laterally heterogenous thin films [56] can enable realtime and data-rich measurements of complex biological systems providing physical insight into dynamic processes at the micro-and nano-scale. Applications holding promise include, amongst others, the study of protein interactions on biomaterials as a predictor of how tissues may interact with introduced materials, such as biomedical implants. As reviewed in [57] , plots of D against f aid in deriving information about the protein adlayer, state of hydration and viscoelasticity that will elucidate the biocompatibility of introduced implants. SAW sensors are a promising extension of the technology with relevance to biosensing due to the surface-sensitive nature of the acoustic mode and high operating frequencies enabling significantly scaled mass sensitivities. Further miniaturization of the acoustic wave sensors has been demonstrated using semiconductor processing techniques enabling batch manufacturing and a high degree of precision and reproducibility in the manufacturing process. Integration with microfluidic handling is also possible enabling suitable sample pre-processing/separation/purification/amplification steps that could result in further improvements in selectivity and overall signal-to-noise ratio.
Summary
• Acoustic sensors use piezoelectric materials, typically quartz crystals, in order to generate acoustic waves.
The direction that the acoustic wave propagates in dictates the nature of the sensor (BAW or SAW) and what type of information can be derived from the sensor.
• Quartz crystal microbalances are BAW devices that are configured as sensitive mass sensors by tracking alterations in resonant frequencies of a thickness shear mode caused by changes to the sensor mass. Further improvements (monitoring dissipation via QCM-D) increase the accuracy of measuring viscoelastic films in liquids.
• As biosensors, QCM-D can be used to obtain information regarding the masses and structures of attaching layers, both for biosensor purposes and for fundamental research centred on analysing biomolecule interactions.
• SAW sensors operate by detecting perturbations in a mode of propagation where the acoustic energy is confined to the surface. Such modes are highly sensitive to surface perturbations and shear-horizontal SAW resonators demonstrate relatively low damping in liquid environments.
• SAW sensors have been successfully demonstrated as platforms to detect airborne pathogens, for immunosensing applications in liquid environments and have been successfully integrated with microfluidic platforms and interrogated wirelessly.
• Miniaturization of acoustic wave sensors is possible using semiconductor processing techniques enabling integration with microfluidic handling and multiplexed detection using sensor arrays. Free-standing mechanical structure (MEMS/NEMS) devices can be interrogated into a wide variety of resonant modes and are being actively researched for a variety of biosensing applications.
